A simple zero-velocity method to determine the particle magnetic susceptibility by measuring the magnetophoretic velocity was proposed. The principle is that the magnetophoretic velocity of a particle in a liquid medium must be zero when the magnetic susceptibilities of the medium and the particle are equal, or the gravity force and the magnetophoretic force are balanced. By changing the medium magnetic susceptibility and measuring the magnetophoretic velocity of a particle, the particle magnetic susceptibility was determined from the medium magnetic susceptibility under the zero-velocity condition. The feasibility of the method was demonstrated for polystyrene particles using a Dy(III) solution in the horizontal migration mode and different organic solvents in the vertical migration mode.
Introduction
The magnetophoresis of particles has been applied to an evaluation of the magnetic susceptibility of a single particle as well as for the separation of particles owing to the difference in the magnetic susceptibility between the particle and the medium. 1 The magnetophoresis separation of various particles has been studied, which included paramagnetic particles of biological cells bound with magnetic particles, [2] [3] [4] [5] [6] [7] [8] [9] [10] as well as diamagnetic particles of nucleic acids and proteins, 11 single emulsion droplets, 12 single red blood cell, 13 a dysprosium(III) adsorbed organic droplet, 14, 15 a single crystal of Prussian blue analogue, 16 polystyrene particles, 17 polymer beads, 18 bacillus atrophaeus spores, 19 and allergen-specific immunoglobulin E. 20 However, studies on magnetophoretic velocity analysis, which is sometimes called magnetophoretic velocimetry, to determine the particle magnetic susceptibility are still limited. The one-dimensional horizontal-migration magnetophoretic velocity, v, of a spherical particle in a liquid medium, when the density of the particle is not so far from that of the medium, hence the magnetic force, the magnetic buoyancy, and the viscous force on the particle are balanced, is expressed by the next equation: 
where η is the viscosity of the medium, μ0 the vacuum permeability, B a magnetic flux density, (dB/dx) a gradient of magnetic flux density, r the radius of a particle and (χp -χf) a difference in the volume magnetic susceptibility between a medium (χf) and a particle (χp). 21, 22 According to Eq. (1), the magnetic susceptibility of a particle, χp, has been determined by measuring the migration velocity and the radius of particles as well as the value of B(dB/dx). On the other hand, in the case of a large difference in the densities of the particle and the medium, the vertical magnetophoretic velocity was measured while considering the densities, and the value of χp was determined. 23 However, a precise determination of the radius of a single micro particle is sometimes difficult by using an ordinary optical microscope, especially when the particle is smaller than a few micrometers and/or optically unclear due to a small difference in the refractive index between the particle and the medium. Furthermore, a correction of the observed radius might be required in the case of non-spherical particles. Therefore, in the present study, we tried to develop an alternative method concerning the magnetophoretic velocity analysis without any measurement of the particle size. The proposed method may be called a zero-velocity method for the determination of the particle magnetic susceptibility. Two different modes of the zero-velocity method, a horizontal migration mode and a vertical migration mode, were developed, and the principle was confirmed using the magnetophoretic migration of polystyrene particles.
Principles

Horizontal migration mode
The idea of the zero-velocity method is simple: the migration velocity of a particle should become zero when the magnetic susceptibilities of the particle and the medium are equal, whatever the size and the shape of the particles are. Actually, Eq. (1) indicates that when v = 0,
regardless of the magnitude of any other parameters. Therefore, by measuring the magnetic susceptibility of the medium, which gives just zero-velocity of the particle, one will be able to determine the value of χp. The advantages of this method are: no need to know the particle radius and the medium viscosity; no requirement concerning the measurement of the absolute velocity; also, the velocity could be measured at a fixed value of B(dB/dx). A determination of the zero-velocity condition can be realized by using any kind of cell and magnetic field device and any length unit.
Vertical migration mode
When the densities of the particle and the medium are significantly different, the particle is floating or sinking with a characteristic velocity due to the buoyancy. The equation of the magnetophoretic velocity along the vertical y-axis includes the gravity force as well as the magnetic force,
Here, Δρ is the difference in densities between a particle and a solvent. At the position on the y-axis where the particle stopped, the gravity and magnetic forces should be balanced and velocity v becomes zero, Eq. (3) is rewritten as,
and finally the following equation for χf is obtained, since V = (4/3)πr 3 for the spherical particle:
where
The plot of χf against the value of Δρ/(B(dB/dy)) at the balanced position will give a straight line with a slope of A. Extrapolation of the line to the zero of y-axis gives the χp value, since χp = χf.
Thus, in the vertical magnetophoretic mode, the difference in densities of the particle and the medium, and the magnetic field gradient should be known.
Experimental
Chemicals
Sample particles of polystyrene (PS, Funakoshi, Japan) with diameters of 6, 10, and 15 μm were examined. The PS particles were dispersed in a 0.01-wt% of Triton X-100 aqueous solution so as to decrease the interaction between the capillary wall and the particles. The magnetic susceptibility of aqueous solutions was changed by adding an aqueous solution of Dy(NO3)36H2O (99.5%, Wako, Japan). Acetonitrile, methanol, ethanol, and acetone (99.5%, Wako, Japan) were used as organic solvents. Water was purified using a Milli-Q system (Millipore, USA). Figure 1 shows the apparatus used to measure the magnetophoretic velocity of particles. The sample solution including PS particles was introduced into a glass capillary cell with a 0.2-mm inside square section (VitroCom, USA). A 10× objective lens (Meiji U Plan) was used to observe the migrations of 6 and 10 μm PS particles, and the 5× objective lens (Chuoseiki) was used in the case of 15 μm PS particles. The xyz stage (Chuoseiki) was used to control the position of a CCD camera (Watec) connected to a video recorder (Sony, Digital Handycam). The video images were analyzed by using an Image J to obatain the magnetophoretic velocity. The magnetic circuit, which was originally designed in the present study, has the gap of a 0.4-mm and a pole piece area of 0.4 mm × 0.4 mm (Fig. S1 , Suppoting Information). The migration of the particles was observed in one side of the pole piece edge (Fig. 1) . The magnetic flux density and its gradients of the magnetic circuit, which was set on a z-stage (Suruga Seiki), were measured by a Gauss meter (Toyojiki Industry Co., Ltd., HGM-3000P) with a plate type hole probe (Model FS7S, diameter 0.2 mm) fixed on a micrometer (Mitsutoyo). The observed magnetic flux density, B, and the magnetic intensity, B(dB/dx), of the magnetic circuit are shown in Fig. S2 (Supporting Information). The specially designed magnetic circuit is not only convenient for observing the migration of the particles under an optical microscope, but also very effective owing to a very strong magnetic intensity (B(dB/dx) ~ 6.3 × 10 3 (T 2 /m)). The stronger the magnetic intensity becomes, the more precise are magnetophoretic measurements. We defined the centre of the magnetic circuit as x = 0 in the horizontal mode and y = 0 in the vertical mode (Fig. 1) . The observed value of B(dB/dx) or B(dB/dy) (T 2 /m) was correlated with the distance, x (m) or y (m), by the following equation, which was used to calculate the magnetic intensity at any distance in the range of 0.3 -2.0 mm from the center of the pole piece: ). (7) Magnetic balance The magnetic susceptibility of the liquid media was measured by a magnetic-susceptibility balance (Sherwood Scientific Ltd., Model MSB-AUTO). The reproducibility of the obtained volume magnetic susceptibility was better than 0.1 × 10 -6 .
Magnetophoretic velocity measurement
B(dB/dx) =
Results and Discussion
Horizontal migration mode
The horizontal magnetophoresis (x direction migration) is useful when the densities of a particle and the medium are similar. In this mode, a capillary cell is horizontally positioned, as shown in Fig. 1 , and only the x-component of the magnetophoretic velocity in media with different magnetic susceptibilities was analysed from the recorded video images. In the present study, the magnetophoretic velocity of single PS particles in water and Dy(III) solutions were measured. Water is a diamagnetic liquid, but it can be changed to a paramagnetic medium by adding a paramagnetic ion, Dy 3+ . As shown in Fig. 2 , at Dy(III) concentrations lower than 0.04 M, the magnetic susceptibility of the aqueous solution has a linear relationship with the Dy(III) concentration, where the magnetic susceptibility of the solution can be changed in the range of -9.0 × 10 -6 -1.2 × 10 -5 , which, for example, can cover the samples of many polymers, aliphatic and aromatic carbons and some metal ion adsorbed silica particles. Since the magnetic susceptibility of PS is about -8 × 10 -6 , the concentration range of Dy(III) to be examined was from 0 to 0.01 M, where magnetic susceptibility of the medium could be changed from -9.0 × 10 -6 to -5.2 × 10 -6 . Small difference of less than 1 × 10 -6 in the volume magnetic susceptibility between the particle and the medium was enough to migrate the particle. Furthermore, the density change due to the dissolution of Dy(NO3)3 is negligible in the diluted solution, though the density of the medium is not required in the horizontal migration mode.
The difference between the magnetophoretic velocimetry and the zero-velocity method is that, in the zero-velocity method, to calculate the magnetic susceptibility of the particle, it is not necessary to determine the absolute value of the x-component of the migration velocity. 12 We have defined the normalized velocity, which is the observed velocity of the particle, vobs, divided by the value of B(dB/dx) at the position where the velocity was observed. As shown in Eq. (8), the normalized velocity in the horizontal mode depends only on the change of the solution magnetic susceptibility, 
The plot of the normalized velocity against the value of χf should give a straight line with a negatively signed slope of 2r 2 /9ημo. The intercept with the x axis where the normalized velocity is zero, will indicate the situation when χp and χf are equal (χp = χf). Figure 3 shows the observed normalized velocity of three different-sized PS particles against the solution magnetic susceptibility changed by the addition of Dy(NO3)3. The plot of different-sized PS particles exhibited different slopes depending on the size. The logarithmic values of the slopes were linearly correlated with the logarithmic values of the particle radius with a slope of 2.1 (Figure is not shown) , thus confirming the squared term of r 2 in Eq. (8) . The cross points of the three lines on the x-axis in Fig. 3 were 8 .35 × 10 -6 , 8.34 × 10 -6 , and 8.36 × 10 -6 for 6, 10, and 15 μm PS particles, respectively. These values correspond to the situation where the normalized velocity is zero and the magnetic susceptibility of the medium became equal to that of the three polystyrene particles, which gave an averaged value of -(8.35 ± 0.03 (3σ)) × 10 -6 . Although the value of the magnetic susceptibility of the observed polystyrene particle is little different from the previous value (-8.21 × 10 -6 ), 22 the principle of the zero-velocity method is thought to be proved. In the present measurement, it was clearly observed that when the magnetic susceptibility of the medium was smaller than the cross point value, the particle migrated toward the stronger magnetic field and the particle migrated to the weaker magnetic field in the opposite case. The direction of the migration was critically dependent on the concentration of Dy(III). Therefore, the magnetophoretic velocity might also be used as an alternative method to determine the concentration of Dy(III) or other paramagnetic ions.
Vertical migration mode
In the present study, the PS particle in organic solvents spontaneously fell down because of the higher density of the particle (1.04 g/cm 3 ) than that of the organic solvents. The value of B(dB/dy) at the balanced position was obtained experimentally. Figure 4 shows a plot of the experimentally obtained χf against the value of Δρ/(B(dB/dy)) at the balanced position for a 15-μm PS particle in four solvents (acetone, methanol, acetonitrile, and ethanol), which gave a straight line, as expected from Eq. (5). Extrapolation of the line to the zero of the y-axis gave χp = -(7.93 ± 0.16 (3σ)) × 10 -6 . It is interesting to note that according to Eq. (5) the determination of χp is independent of the particle size, though the slope of the plot depends on it.
Whitesides et al. reported that the magnetic levitation of particles, which is similar to the vertical migration mode in the present study, can be used to determine the density of solid particles and a water-immiscible organic liquid by measuring the balanced levitation position of the particle in a paramagnetic MnCl2 aqueous solution. 24 As noted in Eq. (4), the balanced zero-velocity position depends on both the differences in densities, Δρ, and in the magnetic susceptibility, (χp -χf). In the density measurement method of Whitesides, the particle magnetic susceptibility was neglected, since it was thought that the magnetic susceptibilities of various diamagnetic substances are around χp = -5 × 10 -5 , and are sufficiently smaller than the magnetic susceptibilities of the medium, χf = 1.8 × 10 -4 of a 1M MnCl2 solution. In the present vertical mode, the density of the particle was given and the magnetic susceptibility of the particle was obtained. If the density is unknown, it can be obtained from the free velocity of a sinking or floating particle in the absence of any magnetic-field gradient. From Eq. (3), the velocity in the absence of a magnetic field or no magnetic field gradient is represented by,
Thus, in the vertical migration mode, the density difference between the particle and the medium can be considered to determine the particle magnetic susceptibility. On the other hand, in the horizontal migration mode, there is no need to know the density for determining the particle magnetic susceptibility, because the horizontal x-component of the migration velocity of a particle is not affected by the gravity force. When a change in the density of a particle is suspected of being due to any reaction or swelling in the medium, the horizontal migration mode will be more reliable. Otherwise, it will also be possible to control the density of the medium to meet the density of the particle by dissolving a non-reactive compound to the medium in order to attain the condition Δρ ≈ 0. Fig. 3 Correlation between the observed magnetophoretic velocity and the medium magnetic susceptibility controlled by the addition of Dy(III) for ( ) 6 μm, ( )10 μm, and ( ) 15 μm polystyrene particles. Fig. 4 Correlation between the solvent magnetic susceptibility and the value of Δρ/(B(dB/dy)) at the balanced position where the migration velocity of a polystyrene particle with 15 μm diameter became zero in the four different solvents. The intercept gave the magnetic susceptibility of the PS particle, χp = -(7.93 ± 0.16) × 10 -6 .
Conclusions
The zero-velocity magnetophoretic method used to measure the particle magnetic susceptibility was proposed, and the feasibility was proved using polystyrene particles and a Dy(III) aqueous solution or organic solvents. Only the velocity and the medium magnetic susceptibility were required in the horizontal migration mode. In the vertical migration mode, the value of B(dB/dy) at the position of the zero-velocity as well as the medium magnetic susceptibility were required. There is no need to measure the particle radius, which is difficult to be determined for particles smaller than a few micrometers. Thus, this technique will be beneficial especially in the case of a particle smaller than 1 μm and non-spherical particles. In addition, the sensitivity will be improved by decreasing the gap distance of the pole piece of the magnetic circuit so as to increase the value of B(dB/dx). Also, a titrimetric method will be available to control the magnetic susceptibility of the medium, and to attain the zero-velocity condition to determine the value of χp. The simple method developed in the present study is anticipated to be widely used in various fields, including polymer synthesis, catalyst, cosmetic and medical industry as an alternative particle characterization method.
